INTRODUCTION
To date, there are at least 10 neurodegenerative diseases caused by abnormally expanded polyglutamine [poly(Q)] tracts in different proteins (1) . These diseases are characterized by neuronal loss, which is associated with the appearance of intraneuronal aggregates/inclusions containing the abnormal proteins (or their fragments), including the poly(Q) tract (1) . The exact role of these protein aggregates in poly(Q) pathology is controversial (2) (3) (4) .
The nature of the toxic insult of a poly(Q) mutation and its cell-biological consequences in each disease are unclear, and it is possible that the poly(Q) expansion interferes with basic cellular processes such as transcription, protein degradation and survival/death signalling (5) . There is a considerable effort to find molecules that suppress poly(Q) aggregation and cell death/toxicity for therapeutic means (6) (7) (8) . Heat shock protein (HSP) 40 and HSP70 chaperones have recently been identified as potent modulators of poly(Q) aggregation and/or cell death in in vitro assays (9) , in cultured mammalian cells (10) (11) (12) (13) (14) (15) , in Caenorhabditis elegans and Drosophila models (16, 17) and in transgenic mice (18) . The HSP40/70 family of chaperones appear to be relevant to poly(Q) disease pathogenesis, since these are associated with the aggregates in cell models, in transgenic mice and in human Huntington's disease (HD) brains (10) (11) (12) (13) (14) (15) 19) . Different HSPs have recently been shown to directly inhibit several types of cell death pathways induced by a variety of toxic insults in neuronal and non-neuronal cells (20) (21) (22) (23) (24) (25) (26) (27) . This observation raises the question whether HSPs are able to protect against poly(Q) cell death independently of suppressing poly(Q) aggregation. The small heat shock protein HSP27 has anti-apoptotic properties for which a role in neuronal survival has been suggested (28, 29) . However, its *To whom correspondence should be addressed. Tel: þ 44 01223 762608; Fax: þ 44 01223 331206; Email: dcr1000@cus.cam.ac.uk role in poly(Q)-mediated cell death/toxicity has not been studied. Elucidation of ways by which HSPs protect cells against poly(Q) mutations might be of relevance for other neurodegenerative conditions where pathology is associated with protein deposition in nerve cells (e.g. a-synuclein in Parkinson's disease, and tau fibrils or Ab-plaques in Alzheimer's disease).
In the present study, we examined the role of HSP27 in the context of poly(Q) aggregation and cell death, using a cellular model of HD. We found that HSP27 protects neuronal and nonneuronal cells against poly(Q)-mediated cell death without reducing poly(Q)-protein aggregation. We tested the hypotheses that HSP27 may reduce poly(Q)-mediated cell death either by binding cytochrome c (cyt c) and inhibiting the mitochondrial death pathway, or by protecting against reactive oxygen species (ROS). Although we found that poly(Q) cell death was associated with cyt c release and engagement of the mitochondrial death pathway, protection by HSP27 was independent of its ability to bind to cyt c. However, we observed increased levels of ROS in cells expressing expanded compared with wild-type poly(Q) repeats and protection against poly(Q)-mediated cell death/toxicity by antioxidants. The rise of ROS levels induced by the poly(Q) expansion was reduced by HSP27 overexpression. Our findings demonstrate that oxidative stress caused by a poly(Q) expansion contributes to cell death and suggest an important role of HSP27 for preventing neurodegenerative diseases associated with poly(Q) expansions.
RESULTS
Poly(Q) expansion is toxic in the presence and absence of large aggregates, and HSP40/70 chaperones inhibit both aggregation and cell death
We transiently transfected cells with vectors expressing huntingtin exon 1 (httEx1) containing either 23, 25, 53, 74 or 103 glutamines fused to enhanced green fluorescent protein (EGFP) into non-neuronal COS-7 (monkey kidney) or neuronal SK-N-SH (human neuroblastoma) cells. Cells of both cell types expressing httEx1-Q23/25 never produced fluorescent inclusions visible under the microscope (Fig. 1A-C ) (data not shown), while cells expressing httEx1-Q53 (data not shown), httEx1-Q74 or Q103 showed the formation of aggregates ( Fig. 1D-G) (15) . Aggregate formation was time-and poly(Q)-length-dependent in both cell types (15) (data not shown). Aggregates in cells expressing expanded poly(Q)s typically fluoresce much more brightly compared with the diffuse fluorescence in cells expressing either wild-type or mutant huntingtin without aggregates. We monitored cell toxicity by analysing nuclei of transfected (EGFP-expressing) cells for changes associated with cell death, i.e. fragmentation or pyknosis of the nucleus, and we used these changes as a surrogate for cell death and toxicity (see Materials and Methods for details).
Cell death induced by expression of httEx1-Q74 and httEx1-Q103 in SK-N-SH cells was significantly elevated in the absence of visible aggregates, when compared with cells expressing httEx1-Q25 ( Fig. 2A) . However, httEx1-Q74-and httEx1-Q103-expressing cells with inclusions showed an increase in fragmented/pyknotic nuclei compared with cells expressing the same transgene without visible inclusions ( Fig. 2A) . We previously reported that cell death induced by expression of httEx1-Q74 in COS-7 cells is not significantly elevated in the absence of visible aggregates, when compared with cells expressing httEx-Q23, but COS-7 cells with inclusions exhibit an increase in cell death (15) . These results suggest that the neuroblastoma cell line (SK-N-SH) used in this study was more sensitive to poly(Q)-induced toxicity, compared with a nonneuronal cell line (COS-7). For this reason, in subsequent analyses of poly(Q)-mediated cell death in COS-7 cells, we only considered cells containing inclusions. In experiments with SK-N-SH cells, we analysed all EGFP-positive cells.
The specificity of analysing fragmented/pyknotic nuclei was confirmed, since these changes in nuclear morphology correlated well with propidium iodide (PI) uptake representing dead cells: in live-cell counts, 79.5% ( AE 1.1%) of httEx1-Q74-expressing COS-7 cells with inclusions showing pyknotic/ fragmented nuclei stained positive for PI. In SK-N-SH cells expressing httEx-Q103, 87.5% ( AE 2.5%) of cells without and 93.9% ( AE 1.6%) of cells with inclusions showing pyknotic/ fragmented nuclei stained positive for PI (data from two independent experiments performed in duplicate). Both COS-7 and SK-N-SH cells expressing httEx1-Q25 with normal nuclear morphology never showed PI uptake. Loss of PI dye exclusion occurs in necrotic and late-stage apoptotic cells, but not in early apoptosis, which probably accounts for the cells with an apoptotic nuclear phenotype with no PI uptake.
In order to test the potential roles of various HSPs in our cell model, we transiently coexpressed these molecules along with our huntingtin exon 1 fragments, using an experimental approach very similar to what has been used previously in analogous studies (10) (11) (12) (13) (14) (15) . We confirmed previous reports that coexpression of HSP40 (HDJ-1) with httEx1-Q74 inhibited poly(Q) aggregation, with a parallel decrease in cell death in SK-N-SH cells (Fig. 2B, C) (11, 13) . We also observed these effects by overexpressing HDJ-1 with httEx1-Q103 in SK-N-SH cells and with httEx1-Q53 or -Q74 in COS-7 cells (data not shown). HSP70 reduced both aggregation and cell death in SK-N-SH cells (Fig. 2B, C ), which we previously had not observed in COS-7 cells (15) . We confirmed overexpression of HDJ-1 and HSP70 above endogeneous levels in cells transfected with HDJ-1 or HSP70, by comparing with mock transfected (empty vector) cells or untransfected cells, using western blotting (Fig. 2D) . Figure 1H shows a representative blot of the huntingtin constructs used in most experiments under conditions used in cotransfections.
HSP27 suppresses poly(Q)-mediated cell death without decreasing aggregation
We found that coexpression of hamster HSP27 with httEx1 containing a poly(Q) expansion in COS-7 and SK-N-SH cells did not reduce aggregation formation, but inhibited poly(Q)-mediated cell death significantly (Fig. 3A-D) . HSP27 protected SK-N-SH cells against poly(Q)-mediated cell death in the presence and absence of visible aggregates (Fig. 3D ). HSP27 overexpression resulted in an increased proportion of cells with aggregates. This phenomenon would occur if aggregates were protective, an epiphenomenon or deleterious, or if HSP27 modulated cell death but not aggregation -aggregate formation will be more likely in cells that remain attached to a coverslip for longer times owing to the reduced rate of cell death (Fig. 3B) . We confirmed overexpression of HSP27 by western blotting (Fig. 2D) .
In both cell types, HDJ-1 and HSP70 were sequestered into inclusions (15) (data not shown), but HSP27 was not sequestered (using monoclonal and polyclonal HSP27 antibodies that detected both hamster and human HSP27 on western blots; data not shown). Immunocytochemical analyses suggested no obvious alteration in the predominantly cytoplasmic distribution of either endogenous or exogenously transfected HSP27 in COS-7 and SK-N-SH cells expressing mutant huntingtin fragments, compared with wild-type constructs or untransfected cells (data not shown).
The observation that HSP27 neither reduced poly(Q) aggregation nor showed an altered intracellular distribution, in contrast to HSP40/70 chaperones, suggested to us that its protective mechanism might be distinct from that of HSP40/70. While HSP40/70 chaperones could protect cells against poly(Q)-mediated cell death by binding to expanded poly(Q) proteins and/or reducing poly(Q) aggregation, HSP27 might directly inhibit a cell death pathway engaged by poly(Q) toxicity without inhibiting poly(Q) aggregation. There are no studies on the protective action of small HSPs such as HSP27 ) and (E). The magnification in (D-F) is slightly larger than in (A-C). Note that the intensity of the fluorescence signal in (D) (EGFP-httEx1-Q103 expression) cannot be compared with the fluorescence signal in (A) (EGFP-httEx1-Q23), since different filter settings needed to be chosen owing to the much higher signal of the aggregate (see text). Cells were transfected, fixed after 48 hours with paraformaldehyde (4%) and analysed using confocal microscopy. We observed similar results in COS-7 cells (not shown). (G) Fragmented nucleus (blue) of a COS-7 cell expressing EGFP-httEx1-Q74 with aggregates (green). (H) Western blot analysis of vectors expressing huntingtin exon 1 with 23, 53, 74 or 103 glutamines fused to EGFP. Expression of EGFP as a non-fusion protein is shown. COS-7 cells were either not transfected or transfected with equal amounts of total DNA (2 mg) comprising EGFP fused to httEx1 and empty vector in a 1 : 3 molar ratio in order to mimic typical conditions used in cotransfection experiments described in Materials and Methods. 48 hours after transfection, whole-cell lysates were run on a SDS-PAGE gel and the same blot was probed with anti-EGFP and anti-actin antibodies (loading control).
on poly(Q)-mediated cell death, despite their potential for preventing poly(Q) pathology. We therefore began to explore the mechanism by which HSP27 is able to reduce poly(Q)-induced cell death without reducing poly(Q) aggregation.
HSP27 inhibits the mitochondrial death pathway by binding to and inhibiting apoptosome formation (21) . Furthermore, HSP27 is known to protect cells against oxidative stress (30) , and this property is dependent on its ability to form large oligomers (30, 31) . Therefore, we tested the following two hypotheses: (i) poly(Q) toxicity is associated with cyt c release, inhibition of cyt c release blocks poly(Q) death, and HSP27 inhibits mediated cell death through its ability to bind to cyt c; or (ii) poly(Q) expansions directly induce intracellular ROS (oxidative stress), which is suppressed by HSP27.
Inhibition of cyt c release from mitochondria suppresses poly(Q)-mediated cell death
To test if HSP27 inhibited poly(Q)-mediated cell death by interfering at the level of cyt c release, we first had to show that poly(Q)-induced death is indeed associated with cyt c release from mitochondria and that this was of functional significance. Cell death in our model was caspase-dependent and was blocked by the general caspase inhibitor zVAD-fmk in both cell types (15) (data not shown). Overexpression of httEx1 containing poly(Q) expansions in SK-N-SH cells was associated with cyt c release from mitochondria that was not observed in cells overexpressing httEx1-Q25 (Fig. 4) . These results were confirmed in COS-7 cells (data not shown), and are consistent with previous observations in HD cell models (32) . Similar patterns of cyt c release were seen in staurosporine-treated cells, our positive staining control (data not shown).
Frequently, cyt c release is a late event in apoptosis, where it may be a consequence rather than a cause of cell death (33) . It was thus not clear if cyt c release contributed to poly(Q)-induced cell death. We tested if cyt c release is a cause of apoptosis in our model using the anti-apoptotic viral protein E1B19K, which has previously been shown to block cyt c release (34) . E1B19K suppressed both cyt c release and cell death induced by expression of httEx1-Q74 or -Q103 (Fig. 5A, B) , without any reduction of aggregate formation in either cell line (data not shown). Expression of E1B19K was confirmed using western blotting (Fig. 2D) . Poly(Q)-induced cell death was also reduced by inhibitors of the mitochondrial death pathway acting downstream of cyt c release, such as a dominant-negative caspase-9 construct (Fig. 5C ) and a pharmacological inhibitor of caspase-9 (zLEHD-fmk) in SK-N-SH cells (Fig. 5D ), without reducing aggregate formation (data not shown). Caspase-9 is thought to be activated after cyt c has been released from mitochondria by the formation of the apoptosome together with Apaf-1 (21) . This further demonstrates that the mitochondrial route of cell death was of functional significance in our model. These effects were confirmed in COS-7 cells (data not shown). Since activated caspase-9 is able to cleave and activate caspase-3 (executioner caspase), we examined caspase-3 activation within cells using an antibody that only detects caspase-3 when activated (cleaved fragment of procaspase-3) employing immunocytochemistry. We only scored cells as positive for caspase-3 activation when the staining was clearly above background, and used cells spontaneously undergoing apoptosis in each well or staurosporine-treated cells as a positive control. Caspase-3 activation occurred in SK-N-SH cells overexpressing expanded poly(Q) repeats and was inhibited by coexpression of HSP27, the dominant-negative caspase-9 construct, E1B19K coexpression, or exposure of cells to the general caspase inhibitor zVAD-fmk (Fig. 5E ).
If HSP27 primarily prevented cell death by binding to cyt c, one would expect it to reduce cell death without any major effect on cyt c release. However, HSP27 overexpression in cells transfected with httEx1-Q74 or httEx1-Q103 resulted in a major reduction of cyt c release that was of similar magnitude to the HSP27-mediated reduction in cell death (Fig. 5A, B) . Furthermore, 100% of cells overexpressing HSP27 and httEx1-Q74 (or -Q103) that showed cyt c release had nuclear abnormalities, similar to what we observed in cells only overexpressing httEx1-Q74 or -Q103 (data not shown). These data are compatible with HSP27 acting upstream of cyt c release.
A cyt c binding-deficient mutant of HSP27 protects against poly(Q)-induced cell death HSP27 has been shown to bind to cyt c after its release from the mitochondria and thereby inhibit apoptosome formation (21) . 
red). (C) Normal nuclei (blue). (D) Overlay of (A-C). (E) SK-N-SH cell expressing httEx1-Q103 (green). (F)
Owing to cyt c release from mitochondria of the transfected cell, the staining normally localised to mitochondria is lost and is faintly diffuse throughout the cytoplasm (red). (G) The nucleus is abnormal (condensed, blue). (H) Overlay of (E-G). Note that the magnification for (E-H) is slightly higher and the brightness is enhanced in order to visualize the faint staining of cyt c released from mitochondria. For the experiments in (A-H), cells were transfected and were fixed after 48 hours with paraformaldehyde (4%); immunocytochemistry was performed using a anti-cyt c antibody and analysed using confocal microscopy. We obtained similar results using COS-7 cells. For quantification of cyt c release, see Figure 5 . (E) Caspase-3 activation induced by mutant httEx1 is inhibited by HSP27, E1B19K and dominant negative caspase-9 (DN-C9) coexpression, or exposure to the general caspase inhibitor zVAD-fmk (100 mM). After fixation, immunocytochemistry was performed using an antibody that detects activated caspase-3. The percentage of EGFP-positive cells with positive staining of the active caspase-3 antibody is shown (see Materials and Methods). For experiments in (A-E), cells were transfected and were fixed after 48 hours, and their nuclei were stained with DAPI. Data from one duplicate/triplicate representative experiment with standard errors are shown. Statistics from two or three duplicate/triplicate experiments (see Materials and Methods): **, P < 0.001; ***, P < 0.0001.
To directly exclude the possibility that HSP27 protects against poly(Q)-mediated cell death by binding to cyt c, we coexpressed httEx1-Q74 and httEx1-Q103 in both cell lines with two human HSP27 cyt c binding-deficient mutants, where amino acid C137 was replaced by an alanine (C137A), or where amino acids 51-88 were deleted (D51-88) (21) . As a control, we used wild-type human HSP27 and a HSP27 mutant construct where amino H131 was replaced by a lysine (H131L), which does not change its ability to bind to cyt c (21). While the C137A mutant lost its protective activity against poly(Q) death, the D51-88 HSP27 mutant that is also unable to bind to cyt c still showed a protective effect in both COS-7 and SK-N-SH cells without reducing aggregation (Fig. 6A and B) . Overexpression levels of all HSP27 constructs were verified by western blot analysis (Fig. 6C ). This finding shows that the capacity of HSP27 to bind to cyt c is not required for its protective function against poly(Q)-mediated cell death.
The phosphorylation status of HSP27 determines its ability to protect against poly(Q)-induced cell death HSP27 can also protect cells against oxidative stress (30) , and this is dependent on its ability to form large oligomers (31) . Phosphorylation of HSP27 at three serine residues (S15, S78, S82) or mimicry of phosphorylation by replacing these serines with aspartates dissociates HSP27 complexes to tetramers and reduces its ability to protect against oxidative stress (31) . We tested if molecular mimicry mutants of HSP27 phosphorylation also lose the ability to protect against poly(Q)-induced death. We overexpressed three different mutants where one (S15D), two (S78D, S82D) or all three (S15D, S78D, S82D) serine phosphorylation sites were replaced by aspartate, mimicking the phosphorylation state (31) . Figure 7A shows that the S15D mutant construct (S1D) retains its protective function compared with wild-type HSP27 when coexpressed with httEx1-Q74 in COS-7 cells or httEx1-Q103 in SK-N-SH cells. However, the triple mutant HSP27-S15, 78,82D (S3D) did not show protection against poly(Q)-induced death in either cell line and the HSP27-S78,82D mutant (S2D) had a intermediate effect (Fig. 7A ). Caspase-3 activation could be similarly inhibited by coexpression of the single mutant HSP27-S15D (S1D), but not the triple mutant HSP27-S15, 78, 82D (S3D) (data not shown), using an antibody that detects activated caspase-3 (see above). Expression from constructs of all three HSP27 phosphorylation mutants was confirmed by western blotting (Fig. 6C) .
To further investigate the role of HSP27 phosphorylation in poly(Q)-mediated cell death, we exploited the knowledge that phosphorylation of HSP27 is the result of stimulation of the p38 MAP kinase cascade and subsequent activation of MAPKAP kinases 2/3, which directly phosphorylate HSP27 (35, 36) . We cultured COS-7 and SK-N-SH cells in the presence and absence of SB203580, a highly specific and cell-permeable inhibitor of p38 kinase. We hypothesized that SB203580 would suppress the activation of MAPKAP kinase 2/3 and prevent phosphorylation of endogeneous HSP27 -this could stabilize endogeneous HSP27 in its large oligomeric active form and enhance protection against poly(Q)-induced death. We used SB203580 at concentrations that were previously shown to efficiently inhibit p38 MAP kinase (37) . At both 1 and 10 mM, SB203580 reduced nuclear abnormalities in SK-N-SH cells induced by httEx1-Q103 (Fig. 7B) . While SB203580 at 1 mM also suppressed poly(Q)-mediated cell death in COS-7 cells, a concentration of 10 mM resulted in general cellular toxicity ( Fig. 7B and data not shown) . Overexpression of a constitutively active MAPKAP kinase 2 construct that phosphorylates HSP27 (38) resulted in increased toxicity in both cell types, and COS-7 (filled columns) cells with nuclear abnormalities expressing httEx1-Q74 (COS-7) or httEx1-Q103 (SK-N-SH) and cotransfected with either wild-type human HSP27, cyt c binding-deficient mutants (D51-88 and C137A), or a mutant that is able to bind to cyt c (H131L). (B) Percentages of EGFP-positive cells containing aggregates for the same experiment as in (A). Cells were transfected and were fixed after 48 hours, and their nuclei were stained with DAPI. Data from one triplicate representative experiment with standard errors are shown. Statistics from two triplicate experiments (see Materials and Methods): *, P < 0.05; **, P < 0.001; ***, P < 0.0001. (C) Western blot analysis showing levels of wild-type and mutant HSP27 overexpression in COS-7 cells 48 hours after transfection (see text). Note that there is background expression of endogenous HSP27 accounting for the 28.4 kDa band in the 51-88 lane. Hsp27, human HSP27 (wild-type); H131L, human HSP27 mutant able to bind to cyt c; C137A, Human HSP27 mutant unable to bind to cyt c; 51-88 (human HSP27 deletion mutant unable to bind to cyt c; S1D, (human HSP27 phosphomimicry mutant of serine 15; S2D, human HSP27 phosphomimicry mutant of serines 15 and 78; S3D, human HSP27 phosphomimicry mutant of serines 15, 78 and 82. further suggesting that endogeneous HSP27 in its unphosphorylated form in both cell types is involved in protection against poly(Q)-induced death (Fig. 7C) .
Because the phosphorylation of HSP27 not only reduces its ability to protect against poly(Q)-induced death, but also its ability to protect against cell death due to oxidative stress (30, 31) , we favoured the hypothesis that this HSP might protect against ROS induced by poly(Q) expansions. Before investigating this hypothesis extensively, we tested if the HSP27-D51-88 cyt c binding-deficient and HSP27-H131L mutants that showed protection in our poly(Q) model (Fig. 6A) were also able to protect against ROS toxicity induced by hydrogen peroxide (H 2 O 2 ). Indeed, overexpression of HSP27-D51-88 and HSP27-H131L increased survival of HeLa cells exposed to H 2 O 2 to a level similar to that obtained by wild-type HSP27 (Fig. 7D) . On the other hand, the HSP27-C137A mutant that did not protect against poly(Q)-mediated death (Fig. 6A) was also unable to protect against H 2 O 2 -induced cell death (Fig. 7D) . Both HSP27-D51-88 and HSP27-C137A are unable to bind to cyt c and cannot protect cells against etoposideinduced cell death (21) . However, despite the failure of HSP27 to bind to cyt c on deletion of amino acids 51-88, this mutation affords protection against H 2 O 2 -induced death (Fig. 7D) , suggesting that protection by HSP27 against oxidative stress is independent of its protective function mediated through cyt c binding.
HSP27 suppresses intracellular ROS induced by poly(Q) expansion
If the protective action of HSP27 against poly(Q)-mediated cell death was indeed due to its anti-oxidant ability, as suggested by our previous experiments, it was possible that a poly(Q) expansion may induce oxidative stress by producing reactive oxygen species (ROS). To test this idea, we transiently overexpressed httEx1 containing 74 glutamines N-terminally fused to a haemagglutinin (HA) tag (HA-httQ74) in SK-N-SH, COS-7 and HeLa cells and used the oxidation-sensitive compound, dichlorofluorescein diacetate (DCFH-DA) to measure intracellular ROS (see Materials and Methods). Since this assay measures green fluorescence, we could not use our EGFP-tagged vectors. We have previously shown that HA-httQ74 induces aggregate formation and increased cell death compared with HA-httQ23, similar to what we observed when overexpressing httEx1 fused to EGFP (see above) (15,39) (data not shown). Forty-eight hours after transfection with these constructs, cells were loaded with DCFH-DA and then in vivo measurements of intracellular ROS were performed during a 1-hour period at 10-minute intervals (see Materials and Methods). HA-httQ74 induced more ROS than HA-httQ23 or empty vector control in HeLa, COS-7 and SK-N-SH cells (30-minute time point, Fig. 8) , and we observed similar findings in L929 cells (data not shown). At each time point (4, 10, 20, 30, 40, 50 and 60 minutes), we measured a similar difference in DCFH oxidation for empty vector-, HA-httQ23-and HA-httQ74-transfected cells when compared with the 30-minute time point (data not shown). DCFH fluorescence in cells expressing empty vector, HA-httQ23 and HA-httQ74 rapidly increased and converged to a single point after addition of H 2 O 2 (200 mM), showing that there was equal DCFH loading in all cases (positive control; data not shown). We obtained similar transfection efficiencies (see Materials and Methods) and expression levels of the HA-httQ74 and HA-httQ23 transgene for each treatment (data not shown). These results suggested that huntingtin with a poly(Q) expansion induced oxidative stress.
To test if oxidative stress indeed contributed to poly(Q)-mediated cell death, we hypothesized that protection against oxidative stress may ameliorate the cellular phenotype in poly(Q) disease models. N-Acetyl-L-cysteine (NAC), at a concentration shown to have an antioxidant mode of action (1 mM), inhibited poly(Q)-mediated cell death in COS-7 and SK-N-SH cells transfected with either httEx1-Q74 or httEx1-Q103, respectively (Fig. 9 ). Higher concentrations of NAC . HeLa cells were transfected with the respective plasmids and exposed to 400 mM of H 2 O 2 (see Materials and Methods). An unpaired t-test was performed on data from three independent experiments: **, P < 0.001; ***, P < 0.0001.
(10-50 mM) that were shown to have a survival-promoting effect in PC12 cells deprived of nerve growth factor (NGF) (40) exhibited severe toxicity (data not shown). Exposure of cells to 1 mM of NAC for 48 hours did not significantly reduce aggregation formation in both cell lines (data not shown). Similarly, exposure of cells to the reduced form of glutathione (GSH, 5 mM) inhibited cell death in both cell types (Fig. 9) without reducing aggregation (data not shown). Exposure of SK-N-SH cells to higher concentrations of GSH (50 mM) increased protection (data not shown). These data show that a poly(Q) expansion mutation can induce oxidative stress by increasing intracellular ROS levels and that increased levels of ROS contribute to poly(Q)-mediated cell death. The finding that a poly(Q) mutation in huntingtin caused increased levels of ROS that contributed to cell death prompted us to test if ROS production caused by HA-httQ74 was suppressed by HSP27 and the HSP27-D51-88 mutant (previously shown to protect against poly(Q)-induced death, Fig. 6A ). Indeed, coexpression of both wild-type HSP27 and the HSP27-D51-88 mutant with HA-httQ74 reduced DCF fluorescence in HeLa, COS-7 and SK-N-SH cells (Fig. 10) . However, both the HSP27-S3D phosphorylation mimicry mutant (serines 15, 78 and 82 replaced by aspartate) and the C137A mutant were unable to reduce elevated levels of ROS (Fig. 10) . These two HSP27 mutants were also ineffective in protecting against poly(Q)-mediated cell death (Fig. 6A) . The increased ROS levels in cells expressing HA-httQ74 and HSP27-S15,78,82D or C137A compared with HA-httQ74 and empty vector is possibly a dominant-negative effect: these mutants might form defective 'hybrid-oligomers' with endogeneous HSP27. The differences in DCF fluorescence observed after 30 minutes. (Fig. 10) were confirmed at each time point measured over the 1-hour period (4, 10, 20, 30, 40, 50 and 60 minutes) (data not shown). We observed similar trends in COS-7, SK-N-SH and HeLa cells, and therefore our results are not due to cell-specific phenomena (Fig. 10) .
The increased ROS levels associated with HA-httQ74 expression correlated with decreased levels of GSH when compared with cells expressing HA-httQ23 or empty vector in all cell types tested (HeLa, COS-7, SK-N-SH, L929) using the fluorescent probe monochlorobimane (MCB) (Fig. 11A ; data not shown). We next investigated if coexpression of wild-type HSP27 or the D51-88 mutant with HA-httQ74 were able to restore GSH content. Both wild-type HSP27 and the D51-88 mutant (which protected against poly(Q)-induced death and suppressed ROS) increased GSH in HA-httQ74-expressing cells (Fig. 11B) . The triple phosphorylation mutant of HSP27 (S3D: S15,78,82D) and HSP27-C137A (which neither protected against poly(Q)-induced death nor inhibited ROS) did not increase intracellular GSH content. These results were consistent across all three cell types tested.
DISCUSSION
Our cellular HD model allowed us to investigate the effects of HSP27, HSP40 (HDJ-1) and HSP70 overexpression on poly(Q) aggregation and cell death. Many mammalian cellular models of poly(Q) disease have shown that overexpression of poly(Q) proteins containing a poly(Q) expansion results in toxicity/cell death, but no clear distinction has been made between cells that contained poly(Q) aggregates or not. We observed that SK-N-SH cells without visible aggregates expressing httEx1 with 74 or 103 glutamines had higher levels of nuclear fragmentation/ pyknosis compared with cells expressing wild-type repeat lengths. While our data are consistent with studies in Drosophila and mouse models of poly(Q) disease where exogeneous expression of poly(Q) proteins appeared to be toxic in the absence of detectable aggregates (41, 42) , we cannot discern if death is caused by 'microaggregates' (oligomers or polymers), as proposed by Conway and colleagues (43) for a-synuclein, or by monomeric httEx1, since we have quantified aggregates microscopically. Cells used in this study that contained large aggregates always showed increased levels of nuclear fragmentation/pyknosis, compared with cells expressing poly(Q) expansions without visible aggregates.
The HSP40/70 family of chaperones appear to be relevant to poly(Q) disease pathogenesis, as these are associated with aggregates in cellular, Drosophila and mouse models of poly(Q) disease (e.g. [10] [11] [12] [13] [14] [15] [16] 19) . Furthermore, some of the HSP40/70 homologues colocalize with ataxin-1 and ataxin-3 aggregates in human brain (10, 11) . The role of chaperones in poly(Q) diseases as therapeutic agents deserve serious attention, as stressed in the review by Sherman and Goldberg (5), since they prevent aggregation of expanded poly(Q) tracts in recombinant proteins in vitro (9,13) and in several mammalian cell models (10-14, and this study). We showed that HDJ-1 and HSP70 reduced cell death in cells expressing mutant httEx1 without visible aggregates to levels similar to those seen in cells expressing comparable amounts of wild-type httEx1 (Fig. 2) . HDJ-1 and HSP70 have been previously shown to be able to suppress poly(Q) aggregation and cell death in parallel Figure 11 . Cells expressing mutant huntingtin (httEx1) have decreased levels of reduced glutathione (GSH), which is increased by coexpression of HSP27. (A) Comparison of cellular content of GSH in HeLa, COS-7 and SK-N-SH cells expressing empty vector or HA-tagged httEx1-Q23 or -Q74; there is a significant reduction of GSH levels in Q74 cells versus Q23 cells in all cell types (P < 0.05). (B) Comparison of GSH levels in cells coexpressing HA-tagged httQ74 and empty vector or wild-type HSP27 or mutants. Q74 cells expressing empty vector show a reduction in GSH levels compared with Q23 cells (all cell types; P < 0.05). Note that coexpression of wild-type HSP27 and the cyt c binding-deficient mutant D51-88 increase intracellular GSH levels in Q74 cells compared with empty vector (all cell types; P < 0.001), but not the triple phosphorylation mimicry mutant S3D (S15,78,82D) (all cell types; not significant). There are decreased GSH levels in Q74 cells for the C137A mutant compared with empty vector (all cell types; P < 0.05). Also note the inverse relation between ROS and GSH levels (Figs 8 and 10) . For all experiments, the total GSH cellular content was determined using monochlorobimane (MCB) (see Materials and Methods). Paired t-tests were performed on data from three independent transfection experiments in (A) and (B) [means with error bars (SD) are presented]. (11) (12) (13) , but to our knowledge this is the first report showing that these HSPs are protective in cells that do not show visible aggregates. Therefore, some of the protective effects of HSPs may be independent of any effects on poly(Q) aggregation. While we were writing this paper, Zhou et al. (44) indeed reported that suppression of cellular toxicity of huntingtin by HSP40 and HSP70 can be due to inhibition of caspase activation, rather than an effect on aggregation. Therefore, HSP40/70 chaperones may prevent poly(Q)-mediated cell death not only through preventing aggregation, but also by suppressing or delaying caspase activation induced by a poly(Q) insult.
The idea that HSPs can directly rescue cell death in poly(Q) diseases is supported by our novel finding that HSP27 reduced cell death in both COS-7 and SK-N-SH cells, but did not reduce the number of cells with aggregates. HSP27 has also been coexpressed with poly(Q) proteins by Chai et al. (11) and Jana et al. (12) , who also observed no reduction of aggregation. We investigated the intracellular distribution of endogeneous and exogeneous HSP27 in poly(Q)-expressing cells using immunocytochemistry. HSP27 staining was mainly found in the cytoplasm and appeared not to be affected by expression of expanded poly(Q), compared with wild-type repeats. However, in contrast to HDJ-1 and HSP70, HSP27 did not redistribute to inclusions, as also observed by Chai et al. (11) . Jana and colleagues reported a poly(Q) lengthdependent interaction of truncated htt (amino-acids 1-90) with HSP40/70 chaperones (12) . Their co-immunoprecipitation experiments showed that an N-terminal segment of htt with an expanded poly(Q) tract bound to HDJ-1 and HSP70, but not to HSP27 (12) . The fact that HSP27 is unable to suppress poly(Q) aggregation and appears neither to bind to htt exon1 with a poly(Q) expansion nor redistribute to inclusions strongly suggests that HSP27 protects against poly(Q) toxicity by acting on cell survival/death pathways independent of aggregation suppression.
We tested two likely mechanisms whereby HSP27 could protect against poly(Q)-mediated cell death. First, HSP27 can bind to cyt c, preventing the formation of the apoptosome, thereby inhibiting the mitochondrial cell death pathway (21) . Second, HSP27 could protect against oxidative stress (30, 31) . Prior to testing the first hypothesis, we confirmed previously reported observations that mutant httEx1 was associated with cyt c release (32) . The release of cyt c from mitochondria is a universal feature of apoptosis and can either be a primary cause of apoptosis acting as an upstream event or used as an amplification step for a death signal. Frequently, cyt c release is a late event in apoptosis, of which it may be a consequence rather than a cause (33) . To assess if cyt c release had any functional role during poly(Q)-induced death, we inhibited cyt c release by E1B19K coexpression and showed that poly(Q)-mediated cell death was indeed suppressed significantly. In addition, inhibition of caspase-9 by coexpression of a dominant-negative caspase-9 construct or a pharmacological caspase-9 inhibitor also reduced cell death. Caspase-9 is thought to be activated after cyt c has been released from mitochondria by the formation of the apoptosome together with Apaf-1 (21). Thus, we have shown that the mitochondrial cell death pathway/cyt c release from mitochondria contributes significantly to poly(Q)-induced death. However, some cells without cyt c release still showed nuclear fragmentation/ pyknosis, indicating that poly(Q)-induced cell death may involve cyt c-dependent and cyt c-independent pathways. E1B19K and HSP27 overexpression had similar effects on the reduction of poly(Q)-mediated cell death and on the inhibition of cyt c release. Therefore, it is possible that both molecules inhibit poly(Q)-induced cell death upstream of the mitochondria.
We used two mutants of HSP27 that lost their ability to bind cyt c in order to specifically test if the protective action of HSP27 against poly(Q)-mediated cell death was due to cyt c binding. While the HSP27-C137A mutant lost its protective ability, the deletion mutant HSP27-D51-88 still protected against poly(Q)-induced death. This indicates that the protective activity of HSP27 during poly(Q)-induced death did not require binding to cyt c. The differences between the effects of HSP27-C137A and HSP27-D51-88 on poly(Q)-induced cell death may be explained by their capacities to protect against oxidative stress -overexpression of HSP27-D51-88, but not of HSP27-C137A, reduced cell death provoked by H 2 O 2 (Fig. 7D) . If HSP27 protected primarily by binding to cyt c, then HSP27-transfected cells would be expected to have similar levels of cyt c release, compared with cells transfected with an empty vector control, and the cells with cyt c release would show less cell death in the presence of HSP27 overexpression, compared with controls. However, in our cell model, HSP27 overexpression resulted in a similar reduction of cell death and cyt c release. Furthermore, in both control cells and HSP27-overexpressing cells, poly(Q) toxicity was associated with cell death in 100% of cells showing cyt c release. Thus, we suspected that HSP27 may act predominantly upstream of cyt c release in our model. Unphosphorylated HSP27 in its large oligomeric state protects against oxidative stress and this protection is impaired by molecular mimicry of HSP27 phosphorylation that leads to a significant decrease of the oligomeric size of HSP27 (30, 31) . Therefore, we decided to investigate if the phosphorylation status of HSP27 determined its protective activity against poly(Q)-induced death. We observed that phosphorylation mimicry mutants of HSP27 showed impaired protection against poly(Q)-mediated cell death. Also, the HSP27-D51-88 deletion mutant and the HSP27-H131L mutant that protected against poly(Q)-mediated death also protected against oxidative stress induced by H 2 O 2 in HeLa cells. Hence, HSP27 mutants/ phosphorylation states that protect against oxidative stress are the same as those that protect against poly(Q)-induced death. The importance of the phosphorylation status of HSP27 for protection against poly(Q)-induced death was further supported by our finding that overexpression of constitutively active MAPKAP kinase 2 (which phosphorylates HSP27, preventing its oligomerization) increased poly(Q)-mediated cell death, consistent with the idea that the large oligomeric form of HSP27 is the protective species. Conversely, prevention of endogenous HSP27 phosphorylation by the p38 kinase pathway using SB203580 protected cells against poly(Q)-induced death, although we cannot exclude the possibility that inhibition of the p38 MAP kinase may protect via other mechanisms.
There is in vivo evidence for free-radical damage in an HD mouse (45) and oxidative damage in HD parietal cortex (46) , and Li et al. (32, 47) showed SOD-2 upregulation in cells expressing httEx1 with 150 glutamines. Although oxidative stress has been implicated in HD and other late-onset neurodegenerative conditions (48) , it is unclear if ROS are a cause or epiphenomenon of pathology in these diseases. Since the same HSP27 mutants/phosphorylation states protected against oxidative stress and poly(Q)-mediated cell death, we began to investigate if a poly(Q) expansion was sufficient to induce elevated ROS and indeed found that HA-tagged exon 1 of huntingtin with 74 glutamines induced more ROS compared with its control (exon 1 with 23 glutamines). Oxidative stress is likely to be relevant to poly(Q)-induced death, since exposure of cells to both NAC and GSH significantly reduced cell death in our model.
The novel observation that expanded poly(Q) huntingtin produced increased levels of cellular ROS gave us the opportunity to directly test if HSP27 protected against poly(Q)-induced death by suppressing ROS. HSP27 and its D51-88 deletion mutant both decreased intracellular ROS induced by huntingtin with a poly(Q) expansion. Furthermore, cells expressing huntingtin with a poly(Q) expansion showed lower levels of GSH, which were increased by coexpression of HSP27 and the D51-88 deletion mutant. The relatively small but statistically significant reduction in MCB fluorescence in HA-Q74 cells versus HA-Q23 cells in Figure 11B , when compared with Figure 11A , was probably due to decreased amounts of the HD plasmids transfected into the cells in Figure 11B (1.5 mg) versus Figure 11A (3 mg) -in the lefthand six columns of Figure 11B (HA-Q23/vector and HA-Q74/vector), the HD plasmids were cotransfected with empty vectors that served as controls to enable us to test the effects of HSP27 and its mutants on MCB fluorescence. The inverse relation of GSH and ROS would arise if the Q74 cells produced more ROS and therefore induced the oxidation of GSH to GSSG (our method does not detect GSSG but only reduced glutathione). However, we cannot exclude the converse situation that increased ROS levels may be a consequence of the poly(Q) mutation lowering GSH levels. It is possible that overexpression of HSP27 protected against oxidative stress in our model through its glucose-6-phosphate dehydrogenase (G6PD)-dependent ability to increase and maintain levels of reduced GSH (49) .
The molecular mechanisms whereby expanded poly(Q)s induce increased ROS levels are unknown. However, it is interesting to note that proteasome inhibition can induce oxidative stress (50, 51) , and recent data have suggested that proteasome activity may be impaired by poly(Q) expansions (52) . Therefore, increased oxidative stress in cells expressing toxic poly(Q)s could be due to inhibition of proteasomal activity. Also, since mitochondria are key players in the production of ROS, they might be important targets of poly(Q) expansion pathology (53) . While our data suggest that HSP27 reduces poly(Q)-mediated cell death by modulating the redox state of the cell, we cannot exclude other additional modes of protection. For example, HSP27 may directly inhibit the activation of caspases.
In summary, we have identified HSP27 as a novel poly(Q) disease modifier that, depending of its phosphorylation status, reduces ROS toxicity induced by poly(Q) expansions. A role for HSP27 in neuronal survival has been suggested previously (28, 29) and elucidation of the precise mechanisms involved in HSP27-mediated neuroprotection may be of wider relevance to neurodegenerative diseases, since ROS production has been implicated in the pathogenesis of Parkinson's disease, Alzheimer's disease, amyotrophic lateral sclerosis and progressive supranuclear palsy (54) .
MATERIALS AND METHODS

Plasmids, transient cotransfection and cell culture
In cotransfection experiments, we used htt exon 1 (httEx1) fused to EGFP containing 23, 53 or 74 glutamines [poly(Q)s at C terminus, EGFP-C1] called httEx1-Q23, 53 or 74, as described previously (15) . We used constructs expressing httEx1 fused to EGFP containing 25 or 103 glutamines [poly(Q)s at N terminus, EGFP-N1] (from A. Tobin and G. Lawless, University of California, Los Angeles), human HDJ-1 (HSP40) (from H. Paulson, University of Iowa), human HSP70 (10), hamster HSP27 (from D. Latchman, University College London), human HSP27 constructs and cyt c-binding mutants (described and tested in 21), dominant-negative caspase-9 (C287A) (from E.S. Alnemri, CAR, Philadelphia) (55), constitutively active MAPKAP kinase 2 (3 Â Asp) (from S. Hooper, Chester Beatty Laboratories, London) (38) and E1B19K (from A.M. Tolkovsky, Department of Biochemistry, University of Cambridge). Overexpression of all the relevant proteins was verified by western blotting. As an empty vector control, we used matching vectors without an insert (pFLAG-CMV2, Sigma; pcDNA3.1, Invitrogen). The preparation of plasmids used for related experiments (e.g. HSP27 series) was performed at the same time with the same endotoxin-free kit (Qiagen). The concentrations of such related maxipreparations were determined using a spectrophotometer and agarose gels at the same time in order to maximize consistency between plasmid batches.
African green monkey kidney (COS-7) and human neuroblastoma (SK-N-SH) cells were cultured, seeded and transfected as described previously (15) . We used a 3 : 1 or 5 : 1 ratio of test construct to httEx1 poly(Q) construct DNA, to ensure that all cells expressing poly(Q) constructs also expressed the appropriate test construct. At 48 hours after transfection, cells on coverslips were fixed with 4% paraformaldehyde in 1 Â PBS at room temperature for 20 minutes and mounted in antifadent supplemented with 4 0 ,6-diamidino-2-phenylindole (DAPI) (3 mg/ml) to allow visualization of nuclear morphology.
Estimation of poly(Q) aggregation and cell death/survival
Cells were counted as aggregate-positive if one or several aggregates were visible within a cell. We counted 300-500 EGFP-positive cells in multiple random visual fields per slide, and the figures show a percentage from one representative triplicate experiment, with P-values being derived from odds ratios of pooled estimates from two or three independent triplicate experiments (see Statistical analysis). Cell death/ toxicity was monitored by scoring the proportion of transfected cells (EGFP-expressing cells) with apoptotic nuclear morphology -fragmented or pyknotic nuclei. The latter are typically condensed to a diameter of less than 50% of the size of a normal nucleus and show more intense DAPI uptake compared with normal nuclei. Such abnormal nuclear morphology was largely rescued in cells treated with pan-caspase inhibitors, demonstrating that it is not a non-specific phenomenon. To confirm that cells with pyknosis or fragmentation of the nucleus were indeed dead cells, we performed live cell analysis and determined the percentage of inclusion-containing COS-7 cells expressing httEx1-Q74 and SK-N-SH cells expressing httEx1-Q103 showing nuclear fragmentation or pyknosis and simultaneous loss of propidium iodide (PI) exclusion. Cells were transfected and analysed 48 hours thereafter using PI (5 mg/ml) and Hoechst 33342 (5 mg/ml) staining (5-10 minutes, exposure). Cells expressing httEx1-Q25 with normal nuclear morphology never stained positive for PI, while there was a strong correlation between cells expressing toxic poly(Q)s with nuclear pyknosis or fragmentation and PI uptake (see Results).
All coverslips were scored with the observer blind to the identity of the coverslip, and we counted 100-300 EGFPpositive cells per coverslip. For COS-7 cells, we restricted cell death analysis to cells with aggregates, since COS-7 cells without aggregates do not have increased levels of cell death compared with wild-type httEx1 constructs (15) . For SK-N-SH cells, we analysed cells with and without aggregates (EGFPpositive). We used an antibody recognizing activated caspase-3 as a second readout for poly(Q)-mediated cell death in important experiments (see Immunocytochemistry). Cells with fragmented or pyknotic nuclear morphology stained positive for activated caspase-3. Cells with activated caspase-3 staining showed a clearly stronger signal compared with background. As a positive control for caspase-3 activation, we exposed cells to staurosporine. Cells were analysed using a conventional fluorescent microscope. Pictures were taken on a confocal microscope (Leica).
To estimate survival of cells exposed to H 2 O 2 , control as well as transiently transfected HeLa cells were plated in 96-well tissue culture plates (Nunc, Rockskilde, Denmark) at a density of 7.5 Â 10 4 cells per well, grown for 24 hours, after which 400 mM H 2 O 2 was added. Cells were incubated for further 24 hours before analysis. Subsequently, supernatants were discarded and the remaining viable cells were stained with 0.5% crystal violet in 50% methanol for 15 minutes Microtiter plates were rinsed and dried. A medium containing 0.1 M sodium citrate pH 5.4 and 20% methanol was then added to solubilize the stained cells. The absorbance of each well was read after 30 minutes at 570 nm with an MR5000 micro-ELISA reader (Dynatech Laboratories, Chantilly, VA). The percent of cell survival was defined as the relative absorbance of treated versus untreated cells.
Caspase inhibition, GSH, NAC and SB203580 experiments zVAD-fmk (general caspase inhibitor) and zLEHD-fmk (caspase-9-like inhibitor) (Calbiochem) were used at a final concentration of 100 mM. DMSO served as the solvent control. Glutathione-ethylester (GSH) (Sigma, Dorset, UK) was freshly dissolved in water each time before addition. Cells were exposed to GSH (5 mM) for 12 hours prior to transfection and then GSH was replaced every 12 hours. N-Acetyl-L-cysteine (NAC, 1 mM) (Sigma) was dissolved in culture medium (DMSO), the pH adjusted to 7.4, and was added as described for GSH. SB203580 (Promega) was dissolved in DMSO, added immediately after transfection and replaced every 12 hours.
Immunocytochemistry and western blotting
For HSP colocalization studies, cells were grown on coverslips and after the experimental procedure, cells were either fixed with ice-cold methanol (10 minutes) or 4% paraformaldehyde (20 minutes) at room temperature (RT), washed twice and permeabilized (0.2% Triton X-100 in 1 Â PBS) for 15 minutes at RT. After three wash steps with 1 Â PBS, cells were incubated in blocking buffer (5% fetal bovine or rat serum) for 30 minutes and exposed to primary antibody for 1-2 hours at RT or overnight at 4 C. Antibodies were rabbit anti-HDJ-1 polyclonal/1 : 1000 (SPA-400, Stressgene, Victoria, CA), rabbit anti-HSP25 polyclonal/1 : 500 (Stressgene), mouse anti-HSP27 monoclonal/1 : 400 (Neomarker), mouse anti-HSP70 monoclonal/1 : 200 (SPA-810, Stressgene), rat anti-HSC70 monoclonal/ 1 : 400 (Stressgene), mouse anti-cytochrome c monoclonal/ 1 : 500 (Pharmingen), mouse anti-HA monoclonal/1 : 1000 or rabbit anti-active caspase-3 polyclonal/1 : 250 (Promega). After exposure to the primary antibody, cells were exposed for 30 minutes to blocking buffer and incubated in either goat antimouse IgG or goat anti-rabbit IgG conjugated to Texas Red (Molecular Probes) for 2 hours in the dark at RT (1 : 800), dried and mounted in antifadent (Citifluor).
For western blotting, cell pellets were lysed in 1% Triton X-100, 150 mM NaCl, 25 mM Tris-HCl and 0.4% SDS for 30 minutes on ice, and high-speed centrifuged for 20 minutes, and the supernatants were subjected to SDS-PAGE (12%). Primary antibodies were mouse anti-GFP monoclonal (1 : 1000, Clontech), rabbit anti-HDJ-1 polyclonal/1 : 2000 (SPA-400, Stressgene, Victoria, CA), rabbit anti-HSP25 polyclonal/ 1 : 1000 (Stressgene), mouse anti-HSP27 monoclonal/1 : 1000 (Neomarker), rat anti-E1B19K (gift from A.M. Tolkovsky, Cambridge, UK), mouse anti-HA monoclonal (1 : 1000) and rabbit anti-actin polyclonal (1 : 2500, Sigma). Blots were probed with peroxidase-labeled anti-mouse or anti-rabbit antibodies at 1 : 2500 (Amersham). Bands were visualized with the ECL detection reagent (Amersham). Protein loading was controlled by probing for actin on the same membrane.
Estimation of ROS production and intracellular glutathione
Transient transfection was performed in exponentially growing HeLa, COS-7 and SK-N-SH cells, plated 1 day before transfection in 60 mm dishes. For single-transfection experiments (Figs 8 and 11A ), cells were transfected with a mixture of 3 mg of DNA plus 20 ml of Lipofectamine (Gibco, BRL, UK) which were preincubated for 45 minutes and then added to the cells. After 3 hours, the Optimum DNA mixture was replaced with complete growth medium, and cells were analysed for ROS 48 hours later. The HA-httQ23/Q74 vectors have been described previously (39) . For double-transfection experiments (Figs 10 and 11B) (HSP27 mutants and HA-httQ23/Q72), we used identical amounts of each vector (1.5 mg DNA). The transfection efficiency (50-80%, depending on the cell line) was compared in parallel experiments using pEGFP (Clontech, Palo Alto, CA) and analysed using fluorescence microscopy to ensure that similar numbers of cells of each cell type were transfected (data not shown). In vivo measurement of intracellular ROS was performed as previously described (56) . Cell types were plated at a density of 7.5 Â 10 4 (HeLa), 6 Â 10 4 (COS-7) or 8 Â 10 4 (SKNSH) per well in a 96-well tissue culture plate. Cells, kept at 37 C, were washed three times with PBS and then with PBS containing dichlorofluorescein diacetate (DCFH-DA) (5 mg/ml) (Molecular ProbesInterchim, Montluçon, France). DCFH-DA is oxidized to fluorescent DCF by different intracellular ROS, particularly those of peroxide origin. Plates were read in a 1420 multilabel counter plate reader (Victor Wallac, Finland) during a 1-hour period (4, 10, 20, 30, 40, 50 and 60 minutes) with an excitation wavelength of 485 nm and an emission wavelength of 530 nm.
Total GSH (reduced form of glutathione) cellular content was determined using the monochlorobimane (MCB) fluorescent probe (56, 57) . Cells were plated as described above and incubated for 5 minutes with 40 mM MCB in the growth medium before measurement. Fluorescence at 425 nm was analysed in response to an excitation at 395 nm in a 1420 multilabel counter plate reader (Victor Wallac, Finland). To compare transgene expression levels of HA-httQ23 and HAhttQ74 cells in ROS/GSH experiments, cells were lysed in a SDS sample buffer containing 5 M guanidinium chloride (final concentration), vortexed for 3 minutes at room temperature and boiled for 5 minutes before being analysed by SDS-PAGE and immunoblotting as described by Mehlen et al. (56) .
Statistical analysis
As a measure of inclusion formation, we considered the proportion of htt exon 1-expressing cells with one or more inclusions. Statistical significance was obtained of pooled estimates of multiple experiments, and expressed as odds ratios (OR) with 95% confidence intervals. ORs compare the proportions of EGFP-expressing cells with or without inclusions when cotransfected with an HSP with the proportions observed when cotransfected with control vectors (same for nuclear abnormalities). ORs were considered to be the most appropriate summary statistics, because the percentage of cells with inclusions or nuclear abnormalities under specified conditions varied between experiments on different days, whereas the relative change in the proportion of cells with inclusions or nuclear abnormalities induced by overexpression of an HSP is expected to be more constant. ORs and P-values were determined by unconditional logistical regression analysis by using the general loglinear option of SPSS 9.1 software (SPSS, Chicago). The P-values presented in each figure were calculated from at least two or three independent experiments performed in triplicate unless stated otherwise. Graphs show the means of one representative experiment performed in triplicate with standard errors, and values are given as a percentage. For some experiments, we performed paired t-tests using the software Statview (V4.5).
